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(7) ABSTRACT

A semiconductor light-receiving device and a UV sensor
apparatus that have high photoelectric conversion efficiency
even for short-wavelength radiation are provided. The semi-
conductor light-receiving device includes a cathode layer
and anode layers formed at a surface of the cathode layer. A
part of the cathode layer that is located between a pn
junction between the cathode layer and one anode layer and
a pn junction between the cathode layer and the other anode
layer is a light-receiving region.
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SEMICONDUCTOR LIGHT-RECEIVING DEVICE
AND UV SENSOR APPARATUS

[0001] This nonprovisional application is based on Japa-
nese Patent Application No. 2004-241879 filed with the
Japan Patent Office on Aug. 23, 2004, the entire contents of
which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to a semiconductor
light-receiving device and an ultraviolet radiation (herein-
after UV) sensor apparatus. In particular, the invention
relates to a semiconductor light-receiving device used for
such an apparatus as UV sensor.

[0004] 2. Description of the Background Art

[0005] Solar radiation includes such short-wavelength
radiation as UV radiation. Therefore, if we spend time
outdoors on a fine day in any season in which a large amount
of UV radiation reaches the earth’s surface, we are accord-
ingly exposed to a large amount of UV radiation. Further, the
destruction of the ozone layer is causing increases of the
amount of UV radiation in those regions close to the North
Pole and the South Pole. It is known that excessive exposure
to UV radiation adversely affects the health, for example,
causes skin cancer. Accordingly, it is a recent trend to
measure the amount of UV radiation for controlling the
amount of UV radiation to which we are exposed. A neces-
sity to have a low-cost and easily-available UV sensor thus
arises.

[0006] An example of the semiconductor light-receiving
device receiving such short-wavelength radiation as UV
radiation is the one using a group III-V compound semi-
conductor that is, however, costly. Therefore, most semi-
conductor light-receiving devices use silicon-based materi-
als.

[0007] FIG. 5 is a schematic cross-sectional view showing
a structure of a generally used silicon photodiode. Referring
to FIG. 5, an n-type silicon substrate is used as a cathode
layer 1. From a surface of this cathode layer 1, such p-type
impurities as boron are diffused to form an anode layer 2.
The region where anode layer 2 is formed is a light-receiving
region 3. A semiconductor light-receiving device of this type
is disclosed for example in Japanese Patent Laying-Open
No. 2000-299487.

[0008] When light rays are incident on and penetrates the
silicon substrate, the light energy is absorbed by the silicon
to generate photo carriers and accordingly photocurrent
flows. The depth in the silicon substrate to which the light
rays penetrate varies depending on the wavelength of the
incident light. Light with shorter wavelengths is absorbed at
a depth closer to the surface of the silicon substrate. The
above-described photo carriers include those carriers that
disappear due to recombination before reaching a pn junc-
tion and thus do not contribute to the photocurrent. In order
to prevent this, a light-receiving device adapted to receive
such short-wavelength radiation as UV radiation has a pn
junction formed at a smaller depth from the surface of the
silicon substrate, generally at a depth of 1 um or less.

[0009] As to the range of wavelengths of UV radiation,
UV radiation ranging in wavelength approximately from
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320 nm to 380 nm is called UVA radiation and UV radiation
approximately from 290 nm to 320 nm is called UVB
radiation. UVB radiation is particularly harmful to the
health. If this UVB radiation is incident on and penetrates
the silicon substrate, at least 90% of the light energy is
absorbed in the region from the surface to a depth of
approximately 50 nm. Photodiodes that are produced
through a commonly used silicon photodiode process have
a junction depth of approximately 300 nm to 700 nm at the
minimum.

[0010] Therefore, when UVB radiation is incident on and
penetrates the photodiode in FIG. 5, light energy absorbed
by anode layer 2 causes generation of electron-hole pairs,
electrons 7 of the pairs are drawn toward and reach the pn
junction under the influence of an internal electric field 8 that
is generated due to a concentration gradient, and thus
photocurrent flows.

[0011] The surface of anode layer 2 is generally coated
with a silicon oxide film 5. At and around the interface
therebetween, a number of interface states 9 are present and
many recombinations take place via interface states 9. In the
region from the surface to the depth of 50 nm of the silicon
substrate, there is almost no concentration gradient of anode
layer 2. Thus, only a few internal electric fields 8 are
generated in this region. Most of photo carriers generated in
the region from the surface to the depth of 50 nm are
accordingly recombined at interface states 9 to disappear. In
other words, only small photocurrent flows and the photo-
electric conversion efficiency is considerably low.

SUMMARY OF THE INVENTION

[0012] An object of the present invention is therefore to
provide a semiconductor light-receiving device and a UV
sensor apparatus that have high photoelectric conversion
efficiency even for short-wavelength radiation.

[0013] A semiconductor light-receiving device according
to the present invention includes a first-conductivity-type
semiconductor layer and a pair of second-conductivity-type
semiconductor layers formed at a surface of the first-con-
ductivity-type semiconductor layer, and the first-conductiv-
ity-type semiconductor layer has a part that is a light-
receiving region located between a pn junction between the
first-conductivity-type semiconductor layer and one of the
second-conductivity-type semiconductor layers and a pn
junction between the first-conductivity-type semiconductor
layer and the other of the second-conductivity-type semi-
conductor layers.

[0014] The semiconductor light-receiving device of the
present invention has the light-receiving region located
between the pn junctions between the first-conductivity-type
semiconductor layer and the second-conductivity-type semi-
conductor layers. Therefore, a sufficient reverse voltage can
be applied to the pn junctions to allow depletion layers to
contact each other in the light-receiving region. Here, the
depletion layers extend respectively from the pn junctions
located on respective lateral sides of the light-receiving
region. Within the depletion layers, a large electric field is
generated from the contact portion between the depletion
layers toward each pn junction. If the first-conductivity-type
semiconductor layer is an n-type layer, the electric field is a
positive electric field. If the first-conductivity-type semicon-
ductor layer is a p-type layer, the electric field is a negative
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electric field. When short-wavelength radiation is incident
on and penetrates the light-receiving region, electron-hole
pairs are generated in the vicinity of the surface. In the case
where the first-conductivity-type semiconductor layer is the
n-type layer, holes are drawn by the large positive electric
field in the depletion layers. In the case where the first-
conductivity-type semiconductor layer is the p-type layer,
electrons are drawn by the large negative electric field in the
depletion layers. Then, the holes or electrons are directed to
and reach the pn junctions. The amount of carriers that
disappear due to interface states is thus considerably reduced
and the conversion efficiency is improved.

[0015] Regarding the semiconductor light-receiving
device, at the surface of the first-conductivity-type semicon-
ductor layer, preferably the second-conductivity-type semi-
conductor layers are formed to enclose the light-receiving
region.

[0016] Thus, the structure having the light-receiving
region located between the pn junctions between the first-
conductivity-type semiconductor layer and the second-con-
ductivity-type semiconductor layers can be achieved.

[0017] Regarding the semiconductor light-receiving
device, at the surface of the first-conductivity-type semicon-
ductor layer, preferably the second-conductivity-type semi-
conductor layers are provided in the shape of a lattice.

[0018] Thus, a plurality of light-receiving regions can be
arranged densely.

[0019] Regarding the semiconductor light-receiving
device, preferably an interconnection electrically connected
to the second-conductivity-type semiconductor layers is
provided to cover a surface of the second-conductivity-type
semiconductor layers.

[0020] Thus, the series resistance can be reduced when
current flows in the second-conductivity-type semiconduc-
tor layers.

[0021] Regarding the semiconductor light-receiving
device, preferably a silicon substrate is used as the first-
conductivity-type semiconductor layer and a pair of the
second-conductivity-type semiconductor layers is formed at
a surface of the silicon substrate.

[0022] The silicon substrate can be used to produce the
semiconductor light-receiving device at a lower cost than
that required when a group III-V compound semiconductor
is used.

[0023] Regarding the semiconductor light-receiving
device, preferably a reverse voltage is applied to each of the
pn junctions, located respectively on lateral sides of the
light-receiving region, to the degree that at least allows
depletion layers extending respectively from the pn junc-
tions to contact each other in the light-receiving region.

[0024] Thus, a large electric field as discussed above can
be generated in the depletion layers. Then, when short-
wavelength radiation is incident on and penetrates the light-
receiving region, holes generated in the vicinity of the
surface are drawn by the large electric field in the depletion
layers and directed to the pn junctions. The amount of
carriers that disappear due to the interface states can con-
siderably be reduced and the photoelectric conversion effi-
ciency is improved.

Feb. 23, 2006

[0025] Regarding the semiconductor light-receiving
device, preferably a high-resistivity silicon substrate is used
as the silicon substrate.

[0026] Regarding the semiconductor light-receiving
device, preferably the silicon substrate is a high-resistivity
silicon substrate having a resistivity of at least 1000 C2scm,
the light-receiving region has a width of at least 10 um and
at most 300 um and a reverse voltage of at least 1 V and at
most 20 V is applied to the pn junctions.

[0027] Thus, the depletion layers extending respectively
from the pn junctions on respective lateral sides of the
light-receiving region can be brought into contact with each
other.

[0028] A UV sensor apparatus of the present invention
uses the semiconductor light-receiving device as discussed
above.

[0029]
low cost.

In this way, a UV sensor can easily be obtained at

[0030] As heretofore discussed, according to the present
invention, a semiconductor light-receiving device with high
photoelectric conversion efficiency even for short-wave-
length radiation can be obtained and, the semiconductor
light-receiving device can be used to easily obtain a UV
sensor at low cost.

[0031] The foregoing and other objects, features, aspects
and advantages of the present invention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] FIG. 1 is a plan view schematically showing a
structure of a semiconductor light-receiving device accord-
ing to an embodiment of the present invention.

[0033] FIG. 2 is a plan view similar to FIG. 1 except that
an anode layer in FIG. 1 is not shown.

[0034] FIG. 3 is a schematic cross-sectional view along
line III-III in FIG. 1.

[0035] FIG. 4 is a schematic cross-sectional view showing
a state in which a reverse voltage is applied to pn junctions
of the semiconductor light-receiving device shown in FIG.
1.

[0036] FIG. 5is a schematic cross-sectional view showing
a structure of a conventional photodiode.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0037] An embodiment of the present invention is here-
inafter described in conjunction with the drawings.

[0038] Referring to FIGS. 1, 2 and 3, a semiconductor
light-receiving device in this embodiment includes a first-
conductivity-type semiconductor layer 1 and a pair of sec-
ond-conductivity-type semiconductor layers 2 formed at a
surface of first-conductivity-type semiconductor layer 1. A
feature of the semiconductor light-receiving device is that a
part of first-conductivity-type semiconductor layer 1 that is
located between a pn junction between first-conductivity-
type semiconductor layer 1 and one second-conductivity-
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type semiconductor layer 2 and a pn junction between
first-conductivity-type semiconductor layer 1 and the other
second-conductivity-type semiconductor layer 2 is a light-
receiving region 3.

[0039] First-conductivity-type semiconductor layer 1 is a
cathode layer for example. As cathode layer 1, an n-type
silicon substrate for example is used. Second-conductivity
type semiconductor layer 2 is for example a p-type anode
layer. P-type anode layer 2 is for example formed at the
surface of cathode layer 1 by diffusion of such p-type
impurities as boron from the surface of cathode layer 1.
Light-receiving region 3 is a region of cathode layer 1 that
is located in the cross section between the pn junction
between one of paired anode layers 2 and cathode layer 1
and the pn junction between the other anode layer of paired
anode layers 2 and cathode layer 1.

[0040] Preferably, anode layers 2 are formed as shown in
FIG. 2 to enclose light-receiving region 3 at the surface of
silicon substrate. Still preferably, anode layers 2 are pro-
vided as shown in FIG. 2 in the shape of a lattice at the
surface of silicon substrate. In this case, at the surface of the
silicon substrate, regions of cathode layer 1 that are located
between the strip portions of the lattice of anode layers 2 are
light-receiving regions 3.

[0041] On the surface of the silicon substrate, a silicon
oxide film § is formed. This silicon oxide film 5 is partially
removed to form holes in silicon oxide film 5 that reach a
part of the surface of anode layer 2. For a plurality of
electrical connections with anode layer 2 through such
holes, an anode electrode 4 of a metal interconnection for
example is formed. Anode electrode 4 is formed in the shape
of a lattice to cover the surface of anode layer 2, in order to
reduce series resistance when current flows. Further, a
cathode electrode 6 is formed on the rear surface of the
silicon substrate.

[0042] The above-described components are formed
through a common photodiode process.

[0043] Referring to FIG. 4, a reverse voltage is applied to
each of the pn junctions to the degree that at least causes
contact between depletion layers 10 extending respectively
from the pn junctions on respective lateral sides of light-
receiving region 3. The silicon substrate is for example a
high-resistivity silicon substrate having its resistivity of at
least 1000 Qcm, light-receiving region 3 has its width W
(FIG. 3) for example of at least 10 gm and at most 300 ym,
and the reverse voltage applied to the pn junctions is for
example at least 1 V and at most 20 V. Under the above-
described conditions, depletion layers 10 that extend respec-
tively from the pn junctions on respective lateral sides of
light-receiving region 3 can be brought into contact with
each other in light-receiving region 3.

[0044] According to the present embodiment, with refer-
ence to FIG. 4, since light-receiving region 3 is located
between the pn junctions between cathode layer 1 and
respective anode layers 2, a sufficient reverse voltage can be
applied to the pn junctions to allow depletion layers 10
extending respectively from the pn junctions on the lateral
sides of the light-receiving region to contact each other in
light-receiving region 3. In depletion layers 10, a large
electric field 12 is generated from a contact portion 11
between depletion layers 10 toward each of the pn junctions.
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Thus, when such short-wavelength radiation as UV radiation
is incident on and penetrates light-receiving region 3, elec-
tron-hole pairs are generated in the vicinity of the surface
and holes 13 are drawn by large electric field 12 in depletion
layers 10 and directed to the pn junctions. Accordingly, the
amount of carriers that disappear due to interface states 9 is
remarkably reduced and the conversion efficiency is
improved.

[0045] The semiconductor light-receiving device in the
present embodiment is particularly appropriate for reception
of UVA radiation with the wavelength ranging from 320 nm
to 380 nm, UVB radiation with the wavelength ranging from
290 nm to 320 nm and any light radiation with shorter
wavelengths, and may be used for a short-wavelength radia-
tion sensor like UV sensor.

[0046] Although the present invention has been described
and illustrated in detail, it is clearly understood that the same
is by way of illustration and example only and is not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What is claimed is:
1. A semiconductor light-receiving device comprising:

a first-conductivity-type semiconductor layer; and

a pair of second-conductivity-type semiconductor layers
formed at a surface of said first-conductivity-type semi-
conductor layer, wherein

said first-conductivity-type semiconductor layer has a part
that is a light-receiving region located between a pn
junction between said first-conductivity-type semicon-
ductor layer and one of said second-conductivity-type
semiconductor layers and a pn junction between said
first-conductivity-type semiconductor layer and the
other of said second-conductivity-type semiconductor
layers.

2. The semiconductor light-receiving device according to

claim 1, wherein

at the surface of said first-conductivity-type semiconduc-

tor layer, said second-conductivity-type semiconductor

layers are formed to enclose said light-receiving region.

3. The semiconductor light-receiving device according to
claim 2, wherein

at the surface of said first-conductivity-type semiconduc-
tor layer, said second-conductivity-type semiconductor
layers are provided in the shape of a lattice.
4. The semiconductor light-receiving device according to
claim 1, wherein

an interconnection electrically connected to said second-
conductivity-type semiconductor layers is provided to
cover a surface of said second-conductivity-type semi-
conductor layers.
5. The semiconductor light-receiving device according to
claim 1, wherein

a silicon substrate is used as said first-conductivity-type
semiconductor layer and a pair of said second-conduc-
tivity-type semiconductor layers is formed at a surface
of said silicon substrate.

6. The semiconductor light-receiving device according to

claim 5, wherein
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a reverse voltage is applied to each of said pn junctions,
located respectively on lateral sides of said light-
receiving region, to the degree that at least allows
depletion layers extending respectively from said pn
junctions to contact each other in said light-receiving
region.

7. The semiconductor light-receiving device according to

claim 5, wherein

a high-resistivity silicon substrate is used as said silicon
substrate.
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8. The semiconductor light-receiving device according to
claim 5, wherein

said silicon substrate is a high-resistivity silicon substrate
having a resistivity of at least 1000 Qcm, said light-
receiving region has a width of at least 10 um and at
most 300 um and a reverse voltage of at least 1 V and
at most 20 V is applied to said pn junctions.
9. AUV sensor apparatus using the semiconductor light-
receiving device as recited in claim 1.
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